Piscidin, a 22-residue cationic peptide isolated from the mast cells of hybrid striped bass, has potent antimicrobial activities. In the present study, we investigated the fungicidal activity and mode of action of piscidins. Fungicidal and hemolytic assays were examined in order to assess their potency and toxicity, respectively. The results showed that fungicidal and hemolytic activities were higher for piscidin 1 (P1) than piscidin 3 (P3). Additionally, the abilities to permeabilize the model phospholipids membranes were also higher for P1 than P3, which were consistent with the biological activities of P1 and P3. These results suggest that the biological action of the peptides may be carried out through the lipid membrane. To understand the fungicidal properties of P1, we focused on a membrane-active mechanism of the peptide by in vivo testing against Candida albicans as the model organism. Flow cytometric analysis by using bis-(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC 4 (3)] and protoplast regeneration experiments showed that P1 caused fungal membrane damage. Furthermore, fluorescence analysis, using 1,6-diphenyl-1,3,5-hexatriene, revealed that these peptides created pores in fungal membranes. Thus, the present study demonstrated that piscidins exert their fungicidal effects by disrupting fungal membrane through pore formation.
The risk of opportunistic infections is greatly increasing in patients who are immunocompromised due to cancer chemotherapy, organ or bone marrow transplantation, or human immunodeficiency virus infection. 1) Candida albicans is the organism most often associated with both mucosal and hematogenously disseminated infections. 2, 3) Most current antifungal drugs, such as fluconazole, simply reduce the growth of fungi. Amphotericin B is a potent fungicidal agent, but is very toxic to the kidney and to the hematopoietic and central nervous systems. [4] [5] [6] The development of resistant fungal strains in response to the widespread use of current antifungal drugs will cause serious problems in the future. 7) Toxicity is associated with existing antifungal drugs which are currently being used to more efficiently manage systemic fungal infections. Therefore, several new potential antifungal targets are being investigated in a search for novel drugs with reduced toxicity and a lesser likelihood of resistance.
Among the more potent antibiotics reported thus far are small bioactive peptides. 8) It is generally recognized that antimicrobial peptides play an important role in the innate host defense mechanism of most living organisms, including insects, invertebrates, plants, amphibians, fish, birds, and mammals (e.g., humans). 9, 10) These antimicrobial peptides possess potent antibiotic activities against bacteria, fungi, viruses, and parasites. 8) The mode of action regarding these peptides is related to an increase in membrane permeability and to the disruption of the cell membrane structure. These peptides have received attention due to their mechanism with regard to perturbing the membrane of the pathogen.
11) Antimicrobial peptides have received special attention as a new class of antibiotics due to their broad spectra of activity and low level of induction of resistance to these peptides.
Piscidins were the first antimicrobial cationic peptides to be isolated from the striped bass (Morone saxatilisϫM. chrysops). [12] [13] [14] Piscidin is a 22-residue peptide with a highly conserved amino-terminus rich in histidine and phenylalanine. Piscidins are composed of piscidin 1 (P1), 2 (P2), and 3 (P3), and these peptides play important roles in the natural innate immune system of fish. Piscidins have broad-spectrum activities against yeast, filamentous fungi, viruses, and bacteria, including antibiotic-resistant bacteria and of all piscidins, P1 has the highest biological activity, while P3 has the lowest. 13, 14) Also, its mechanism of action against bacteria was defined as that piscidin is more likely to permeabilize the membrane by toroidal pore formation rather than via the "barrel-stave" mechanism. 15) However, their exact mode of fungicidal action remains unknown.
In the present study, we compared P1 and P3 in terms of their biological effects. The effects are assessed by their individual fungicidal and hemolytic activities against various pathogenic fungal strains and human erythrocytes, respectively. In order to elucidate the fungicidal mechanism regarding the synthetic peptides, piscidins, we performed in vitro and in vivo testing with regards to membrane-active mechanisms.
MATERIALS AND METHODS

Materials
Amphotericin B, phosphatidylcholine (PC), phosphatidylserine (PS), cholesterol and calcein were obtained from the Sigma Chemical Co. (St. Louis, MO, U.S.A.). Stock solutions of amphotericn B were prepared in dimethyl sulfoxide (DMSO) and stored at Ϫ20°C. For all experiments, a final concentration of 1% DMSO was used as the solvent carrier. All other reagents were of analytical grade. The buffers were prepared in double glass-distilled water.
Peptide Synthesis The peptides were synthesized by the solid phase method using 9-fluorenyl-methoxycarbonyl chemistry.
16) The crude peptide was repeatedly washed with diethylether, dried in a vacuum, and purified by using a reversed-phase preparative HPLC on a Waters 15-mm Deltapak C 18 column (19ϫ30 cm). The purity of the peptide was checked by an analytical reversed-phase HPLC on an Ultra-sphere C 18 column (4.6ϫ25 cm; Beckman, Fullerton, CA, U.S.A.). The molecular weights of the synthetic peptides were determined by using a matrix-assisted laser desorption ionization MALDI-mass spectrometer. /ml) were inoculated into YPD or YM broth and 0.1 ml/well of the cells were dispensed into microtiter plates. Minimum fungicidal concentrations (MFCs) were determined by a serial 2-fold dilution of test peptides, following a micro-dilution method 18 ) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay (MTT). 19) After 48 h of incubation at 28 or 32°C, MFC was defined as the lowest peptide concentration that resulted in a 99.9% reduction in the starting inoculum. Growth was assayed with a microtiter ELISA Reader (Molecular Devices Emax, Sunnyvale, CA, U.S.A.) by monitoring absorption at 580 nm. MIC values were determined by three independent assays.
Hemolytic Activity against Human Erythrocytes The hemolytic activity of the peptides was evaluated by determining the release of hemoglobin from a 4% suspension of fresh human erythrocytes at 414 nm with an ELISA plate Reader. 20) The hemolysis percentage was calculated by using the following equation: percentage hemolysisϭ[(Abs 414 nm in the peptide solutionϪAbs 414 nm in a PBS)/(Abs 414 nm in 0.1% Triton X-100ϪAbs 414 nm in a PBS)]ϫ100.
Calcein Leakage Measurement Calcein-encapsulated large unilamellar vesicles (LUVs) composed of PC/PS (3 : 1, w/w) and PC/cholesterol (10 : 1, w/w) were prepared by vortexing the dried lipid in a dye buffer solution (70 mM calcein, 10 mM Tris, 150 mM NaCl, and 0.1 mM EDTA [pH 7.4]). The suspension was freeze-thawed in liquid nitrogen for 11 cycles and extruded through polycarbonate filters (two stacked 100 nm pore size filters) by a LiposoFast extruder (Avestin Inc., Ottawa, Canada). Untrapped calcein was removed by gel filtration on a Sephadex G-50 column. The leakage of calcein from the LUVs was monitored by measuring the fluorescence intensity at an excitation wavelength of 490 nm and an emission wavelength of 520 nm on a model Jasco FP-6500 spectrofluorometer (Tokyo, Japan). The measurements were performed at 25°C. For determination of 100% dye release, 10% Triton X-100 (20 ml) was added to dissolve the vesicles. The percentage of dye leakage caused by the peptides was calculated as follows: dye leakage (%)ϭ100ϫ (FϪF 0 )/(F t ϪF 0 ), where F is the fluorescence intensity achieved by the peptides and F 0 and F t are the fluorescence intensities without the peptides and with Triton X-100, respectively.
Cell Wall Regeneration of Protoplast The C. albicans protoplasts were prepared by treatment with a 10 mM phosphate buffer (pH 6.0), containing 0.8 M NaCl, lysing enzymes (Sigma) (20 mg/ml) and Cellulase (Sigma) (20 mg/ml) for 4 h at 28°C with gentle agitation. The protoplasts were centrifuged at 700 g for 10 min and then suspended in a 50 mM Tris-HCl buffer (pH 7.5), containing 0.8 M NaCl, and 10 mM CaCl 2 . The protoplasts were detected through phase contrast light microscopy (NIKON, ECLIPSE TE200, Tokyo, Japan). Peptide solutions (40 mM, P1, at 3 times the MFC) were added to the protoplasts (2ϫ10 4 cells), and incubated for 3 h at 28°C. The peptide-treated protoplasts were transferred to YPD soft-agar solutions containing 1 M sorbitol and 0.5% agar, and then spread on agar plates of YPD medium containing 1 M sorbitol and 2.0% agar. The regenerated colonies were counted following incubation of the plates at 28°C for 5 days.
Flow Cytometric Analysis for the Plasma Membrane Potential For analysis of the membrane integrity after peptide treatment, log-phased cells of C. albicans (2ϫ10 4 cells), cultured in YPD medium, were harvested and resuspended with a 1-ml fresh YPD medium, containing 40 mM of P1 or 10 mM of carbonyl cyanide 3-chlorophenylhydrazone (CCCP) as a positive control. After incubation for 3 h, the cells were washed with a phosphate buffered saline (PBS [pH 7.4]) three times. To detect depolarization of the cell membrane, 1 ml PBS containing 50 mg of bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC 4 (3); Molecular Probes, Eugene, OR, U.S.A.), was added and the samples were incubated for 1 h at 4°C in the dark. 21) Flow cytometric analysis was performed via a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, U.S.A.).
Measurement of Plasma Membrane Fluorescence Anisotropy
Fluorescence from the plasma membrane of C. albicans cells labeled with 1,6-diphenyl-1,3,5-hexatriene (DPH; Molecular Probes) was detected to investigate changes in membrane dynamics. Fungal cells (2ϫ10 4 cells) were treated with peptides in the concentration range 0-40 mM and incubated for 2 h at 28°C. Samples of the fungal culture were fixed by 0.37% formaldehyde, collected and washed with a PBS, and the cells were frozen by using liquid nitrogen. For labeling, cells were thawed with a PBS buffer and resuspended in PBS. The suspension was incubated with 0.6 mM DPH for 45 min at 28°C, and this was followed by washing with PBS buffer. Steady-state fluorescence anisotropy was measured by a spectrofluorometer (Shimadzu RF-5301PC; Shimadzu, Kyoto, Japan) at 350 nm excitation and 450 nm emission wavelengths. 22, 23) 
RESULTS AND DISCUSSION
Fungicidal and Hemolytic Activities Peptides were chemically synthesized by the solid phase method, and they were identified by amino acid analysis and MALDI-mass spectroscopic analysis (Table 1) . Piscidin is a 22-residue peptide to be isolated from the mast cells or gills of striped bass. It has been reported to show broad-spectrum activity against bacteria, fungi and viruses, 13, 14) while their mode of fungicidal action remains poorly understood. In this study, melittin (GIGAVLKVLTTGLPALISWIKRKRQQ-NH 2 ), a 26-residue peptide which is derived from the venom of the European honey bee Apismellifera, was used as reference to compare with P1 and P2. Additionally, amphotericin B was used as positive control against fungi.
The fungicidal activities of piscidins against human pathogenic yeast strains were determined by an MTT assay. The MFCs of the peptides are listed in Table 2 . The fungal strains tested are susceptible to P1 with MFC values in the 1.56-6.25 mM, and P3 with MFC values in the 1.56-12.5 mM. P1 exhibited 2-to 4-fold increased activity compared to P3, however, the antifungal activities of piscidins were less potent than that of melittin with MFC values 0.78-3.125 mM. In addition, P1 and P3 displayed superior antifungal activities compared to amphotericin B which is determined at the MIF value of 3.4-54 mM.
From standpoint of practical use, it is desirable that antifungal peptides are devoid of hemolytic activity. 24) Although most antimicrobial peptides exhibited relatively good cell selectivity between microbial cells versus mammalian host cells, some antimicrobial peptides show a lytic activity toward mammalian cells. Therefore, we examined the ability of piscidins in causing the hemolysis of human erythrocytes as a measure of their toxicity to mammalian cells. The results showed that P1 caused 100% lysis of erythrocytes at a concentration of 25 mM, while P3 showed a percentage hemolysis of 25% at the same concentration. The well-known cytolytic peptide, melittin, caused 100% lysis at concentration greater than 12.5 mM (Table 3) .
Interaction of the Peptides with Membranes Understanding of the mechanism of antifungal action is of high significance when piscidins are to be considered as potential candidates for drug therapy or as templates for drug design. 25, 26) In the bacterial system, piscidins have antibacterial activities, which are possibly due to their ability to permeabilize bacterial membranes. 15, 27) To investigate the membranepermeabilizing ability of piscidins, we measured the release of the fluorescent marker, calcein, from liposomes of different compositions. We employed neutral charged LUVs composed of 10 : 1 (w/w) PC/cholesterol lipids used for mimicking the major components of the cell membrane of human erythrocytes, and negatively charged LUVs composed of 3 : 1 (w/w) PC/PS to mimic microbial cells. The percentage of calcein leakage 2 min after exposure to the peptide was used to assess the ability to permeabilize the membrane. The order for the relative extent of calcein leakage from negatively charged vesicles of the peptides was melittin, P1, P3, which was consistent with the fungicidal activity measured in this study (Fig. 1A) . Whereas, 10 mM of P1 induced 100% calcein leakage from neutral charged vesicles, P3 induced 70.3% dye leakage (Fig. 1B) . This leakage potency of the P1 and P3 for the vesicles with a neutral charge was consistent with hemolytic activity. The leakage potency of the peptides was correlated with their biological activity, suggesting that the biological action of the peptides may be carried out through the lipid membrane. In addition, these results led us to hypothesize that the higher cationicity and hydrophobicity of P1 compared to P3 contribute to the higher antifungal activ- ity and hemolytic activity of P1, respectively. Furthermore, the circular dichroism (CD) data of the peptides reveal that the content of a-helicity of P1 was much lower than that of P3. 27) These results suggest that the biological activity was found to be less dependent on peptide helicity, because less helical peptide exhibits increased membrane-permeabilizing ability, showing that, in this case, the helix domain is negligible for inducing permeability in membranes.
To provide information on the mode of fungicidal action of P1, we have selected C. albicans as a model organism, since it is both a commensal and opportunistic pathogen of ever-increasing medical importance. This fungus is one of the common causes of life-threatening fungal infections in patients who are immunocompromised due to cancer chemotherapy, organ or bone marrow transplantation, or human immunodeficiency virus infection. 28) To investigate whether P1 exerts fungicidal activity by damaging the plasma membrane of fungal cells, we examined the effect of the peptide on the cell wall regeneration of C. albicans protoplasts. Cell wall regeneration was used as an indication to access the degree of membrane damage by antifungal activity. 29) The cell wall regeneration of the protoplasts, treated with P1 and melittin, was much lower than the control which was not treated with a peptide (Table 4) . These results indicate that the fungicidal effect of P1 is due to the interaction between the peptide and the plasma membrane, rather than the cell wall.
To assess whether P1 can affect the function of the fungal plasma membrane, its ability to dissipate in vivo membrane potential of C. albicans was investigated. C. albicans cells were cultured in the presence or absence of P1 or CCCP and measured the amounts of accumulated DiBAC 4 (3) in cells with flow cytometry by staining with DiBAC 4 (3). DiBAC 4 (3) has a high voltage sensitivity and can enter depolarized cells, where it binds to lipid-rich intracellular components. 21) As in regards to CCCP, P1-treated cells caused the accumulation of DiBAC 4 (3) more than that peptide-untreated cells (Fig. 2) . CCCP is a proton ionophore that disrupts the membrane potential. 30) These results indicate that P1 affects yeast cells by injuring their membranes, thus disrupting membrane potential.
To elucidate in vivo membrane fluidity by P1 in the plasma membrane of C. albicans cells, changes in membrane dynamics were further examined with a fluorescent membrane probe. 1,6-Diphenyl-1,3,5-hexatriene (DPH) is a hydrophobic molecule and this property makes it possible to associate with the hydrocarbon tail region of phospholipids, within the cytoplasmic membrane, without disturbing the structure of the lipid bilayer. 31) If the antifungal activities exerted by P1 on C. albicans are at the level of the plasma membrane; DPH, which interacts with an acyl group of the plasma membrane lipid bilayer, could not be inserted into the membrane. The results showed that increasing P1 concentrations significantly decreased plasma membrane DPH fluorescence anisotropy, but less so than in regards to the decrease of fluorescence anisotropy in the presence of melittin (Fig. 3) . Melittin, used as positive control, has been known to possess a broad antimicrobial activity due to the formation of membrane pores, thus causing a leakage of cell constituents and eventually cell death. 32, 33) Therefore, DPH anisotropic activity provides further evidence that the fungicidal activities of P1 against C. albicans cells, by pore-forming the plasma membrane. In conclusion, these results in regards with membrane-active mechanism of P1 by in vivo testing suggested that P1 acts on the fungal plasma membrane by forming pores and triggers a release of intracellular ions and other larger molecules from the cells. 
